Epidermal growth factor receptor (EGFR) has a crucial role in cell differentiation and proliferation and cancer, and its expression appears to be up-regulated when arylsulfatase B (ARSB or GalNAc-4-sulfatase) is reduced. ARSB removes 4-sulfate groups from the nonreducing end of dermatan sulfate and chondroitin 4-sulfate (C4S), and its decreased expression has previously been reported to inhibit the activity of the ubiquitous proteintyrosine phosphatase, nonreceptor type 11 (SHP2 or PTPN11). However, the mechanism by which decline in ARSB leads to decline in SHP2 activity is unclear. Here, we show that SHP2 binds preferentially C4S, rather than chondroitin 6-sulfate, and confirm that SHP2 activity declines when ARSB is silenced. The reduction in ARSB activity, and the resultant increase in C4S, increased the expression of EGFR (Her1/ErbB1) in human prostate stem and epithelial cells. The increased expression of EGFR occurred after 1) the decline in SHP2 activity, 2) enhanced c-Jun N-terminal kinase (JNK) activity, 3) increased nuclear DNA binding by c-Jun and c-Fos, and 4) EGFR promoter activation. In response to exogenous EGF, there was increased bromodeoxyuridine incorporation, consistent with enhanced cell proliferation. These findings indicated that ARSB and chondroitin 4-sulfation affect the activation of an important dual phosphorylation threonine-tyrosine kinase and the mRNA expression of a critical tyrosine kinase receptor in prostate cells. Restoration of ARSB activity with the associated reduction in C4S may provide a new therapeutic approach for managing malignancies in which EGFR-mediated tyrosine kinase signaling pathways are active.
there was increased expression of the extracellular matrix proteoglycan versican and of EGFR (15, 17) . The increased expression of versican was due to transcriptional effects of galectin-3 and AP-1 on the versican promoter (17) . Galectin-3 bound less to the more highly sulfated chondroitin 4-sulfate (C4S), which was present when ARSB activity was reduced. Galectin-3 was more abundant in cell nuclei, where it contributed to AP-1mediated transcriptional effects on versican. Other transcriptional events were also affected by the decline in binding of galectin-3 with C4S when ARSB was reduced (17) (18) (19) (20) . However, galectin-3 silencing did not inhibit the expression of EGFR in the prostate cells (as shown in this report). In other experiments in hepatic cells, melanocytes, and prostate stem cells, transcriptional effects due to the decline of ARSB and the concomitant increase in C4S were attributed to the inhibition of activity of the ubiquitous nonreceptor tyrosine phosphatase SHP2 (protein-tyrosine phosphatase 11 (PTPN11)) (19, 21, 22) . This report presents the mechanism by which SHP2 inhibition following decline in ARSB and increase in C4S can regulate EGFR expression in prostate cells and tissue.
Results

Decline in ARSB and associated increase in total sulfated glycosaminoglycans and chondroitin 4-sulfate in human prostate epithelial cells and stem cells
Arylsulfatase B activity was determined in human prostate epithelial cells and stem cells following ARSB silencing by siRNA and overexpression by ARSB plasmid using the exogenous substrate 4-methylumbelliferyl sulfate (17, 22) . Effectiveness of the knockdown and overexpression was demonstrated ( Table 1 ). There were no significant differences in activity between the epithelial and stem cells, although activity was greater in the epithelial cells. When ARSB activity was measured in malignant and normal human prostate tissue, activity was significantly greater in the normal tissue (139 Ϯ 13 nmol/mg of protein/h versus 76 Ϯ 7 nmol/mg of protein/h; n ϭ 9) (15) .
Consistent with the decline in ARSB following ARSB knockdown by siRNA, the total sulfated glycosaminoglycans (GAGs), including C4S, chondroitin 6-sulfate (C6S), dermatan sulfate, keratan sulfate, heparin, and heparan sulfate, were markedly increased in the prostate stem and epithelial cells when measured by the Blyscan assay, as reported previously (17, 22) . The increases were largely attributable to the increase in C4S, and the C6S was unchanged by the changes in ARSB ( Table 2 ). C4S and C6S were quantified by the Blyscan assay following immunoprecipitation with specific antibodies, as reported previously (17, 22) .
EGFR is increased in prostate stem cells following ARSB silencing and SHP2 inhibition
EGFR had previously been shown to be increased in the prostate epithelial cells when ARSB was silenced (17) and in the malignant prostate tissue (15) , but the mechanism was unknown. Consistent with these previous findings, in the prostate stem cells, ARSB silencing increased and ARSB overexpression reduced the expression of EGFR (Fig. 1A) . Western blotting confirms the increase in EGFR protein when ARSB was silenced by siRNA ( Fig. 1B) . Treatment with galectin-3 siRNA or with the Sp1 inhibitor (mithramycin) did not block the increase in EGFR expression that followed ARSB silencing. In contrast, the AP-1 DNA binding inhibitor SR11302 significantly reduced the EGFR expression in the stem cells (Fig. 1C) . The SHP2 inhibitor PHPS1 and the c-Jun mimetic peptide (cJMP) also significantly reduced the expression of EGFR in the prostate stem and epithelial cells ( Fig. 1D ), suggesting that effects on SHP2 and JNK may mediate the effects of ARSB silencing on EGFR expression.
The SHP2 activity was previously reported to be less in malignant prostate tissue than normal prostate tissue and to be reduced following ARSB silencing and increased following ARSB overexpression in prostate stem cells (22) . Treatment with a dominant negative (DN) SHP2 DNA construct significantly increased EGFR expression in the prostate stem cells. In contrast, the constitutively active (CA) SHP2 construct reduced the EGFR (Fig. 1E ). These findings further implicate SHP2 in mediating the effect of ARSB on EGFR expression.
Binding of biotinylated C4S with SHP2 by ELISA
The SHP2 activity in the prostate stem and epithelial cells was significantly reduced when ARSB was silenced and was Figure 2 . SHP2 activity is reduced following ARSB silencing and is attributable to binding with C4S. A, active SHP2 was measured using an exogenous phosphorylated substrate in the prostate stem and epithelial cells. ARSB silencing significantly reduced the SHP2 activity (p Ͻ 0.001, n ϭ 3), and the active SHP2 was further reduced by PHPS1 (p Ͻ 0.001, n ϭ 3). B, binding of biotinylated, predominantly C4S chondroitin sulfate to GST-tagged SHP2 (amino acids 246 -593), which was coated on the wells of a microtiter plate, peaked at a concentration of 625 ng/ml, based on a standard curve of optical density versus concentration of biotinylated, predominantly C4S chondroitin sulfate. C, the linear range of the biotinylated C4S (log 2 ) with GST-tagged SHP2 had slope m ϭ 0.25 and y intercept ϭ Ϫ0.74. D, the binding of the biotinylated chondroitin sulfate preparations to GST-tagged SHP2 coated wells was determined using the saturating concentration for C4S of 625 ng/ml. 529.0 Ϯ 52.5 ng/ml of C4S bound to the plate (p Ͻ 0.001, n ϭ 3). In contrast, of 625 ng/ml of predominantly C6S 24.2 Ϯ 1.4 ng/ml bound to the SHP2. These findings demonstrate that the C4S preparation had much higher affinity to bind with SHP2 than C6S. Bars, mean value Ϯ S.D. (error bars). ***, p Յ 0.001. 
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reduced further by exposure to PHPS1 ( Fig. 2A ). To determine why SHP2 activity declined when ARSB was reduced, the binding of SHP2 with C4S was addressed by in vitro, acellular binding studies. ARSB acts by removing the 4-sulfate group at the nonreducing end of C4S and is required for the degradation of C4S (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) . The binding of biotinylated, predominantly C4S chondroitin sulfate (86% C4S by disaccharide analysis) with GST-tagged SHP2 (amino acids 246 -593) coated on wells of an ELISA plate was determined by measurements of OD. At a C4S concentration of 625 ng/ml, binding was maximal, and no further increase in optical density was obtained with additional C4S (n ϭ 6) ( Fig. 2B ). There was a linear response between OD and the log of the concentration of biotinylated C4S from 19 ng/ml to the saturating concentration of 625 ng/ml (m ϭ 0.25 and y intercept t ϭ Ϫ0.74) ( Fig. 2C ). Binding to SHP2 of predominantly C4S was compared with binding of predominantly C6S (96% by disaccharide analysis). SHP2 preferentially bound with C4S ( Fig. 2D ). 529.0 Ϯ 52.5 ng/ml C4S bound to the SHP-2-coated microplate (p Ͻ 0.001, n ϭ 3) when 625 ng/ml was added. 24.2 Ϯ 1.4 ng/ml of C6S bound (Fig. 2D ). These data indicate that C4S has a significantly greater affinity to bind with SHP2 than C6S and that increasing concentrations of C4S lead to increased binding with SHP2 until the saturating concentration of 625 ng/ml. These experiments indicate that a decline in ARSB with a concomitant increase in C4S can lead to increased binding of C4S with SHP2. In contrast, C6S showed significantly less affinity with SHP2.
Declines in ARSB or SHP2 lead to increased JNK activation
To explain how a decline in SHP2 activity following ARSB silencing could lead to enhanced EGFR mRNA expression, the impact of SHP2 on phospho-JNK activity was evaluated, because inhibition of AP-1 DNA binding reduced EGFR (see Fig. 1B ). Phospho-JNK increased following ARSB silencing and declined when ARSB was overexpressed in the prostate stem cells (Fig. 3A) . Treatment with the SHP2 inhibitor PHPS1 increased the phospho-JNK in the stem and epithelial cells, whereas the JNK-selective inhibitor peptide (JIP-1) was inhibitory ( Fig. 3B ). The increase in phospho-JNK was inhibited by the CA SHP2 construct, whereas the DN SHP2 increased the phospho-JNK (Fig. 3C ). The phospho-JNK was also increased in the malignant prostate tissue, compared with the normal tissue ( Fig. 3D ).
Activation of EGFR promoter following decline in ARSB or SHP2
In the prostate stem cells, the nuclear DNA binding of c-Jun/ c-Fos was increased when ARSB was silenced and reduced when ARSB was overexpressed ( Fig. 4A ). Consistent with the impact of ARSB on C4S and SHP2 activity, inhibition of SHP2 had an effect similar to silencing ARSB. When SHP2 was inhibited by the DN construct, the nuclear DNA binding of c-Jun/c-Fos was increased, and the CA SHP2 construct blocked the increase in nuclear DNA c-Jun/c-Fos (Fig. 4B ). In the prostate epithelial and stem cells, the SHP2 inhibitor PHPS1 further increased the nuclear DNA binding of the AP-1 components beyond the effect of ARSB silencing (p Ͻ 0.001, n ϭ 3). The baseline levels of binding were inhibited by cJMP and JIP-1 (p Ͻ 0.01, n ϭ 3) ( Fig. 4C ).
Analysis of EGFR promoter activation was performed using a luciferase-tagged promoter construct. Promoter activity in the prostate stem cells increased to approximately 3 times the control level, following ARSB silencing, and further increased when treated with PHPS1 ( Fig. 4D ). SR11302, which blocks AP-1 Figure 3 . Phospho-JNK is increased in prostate stem cells and prostate tissue following ARSB silencing or SHP2 inhibition. A, in prostate stem cells, ARSB silencing significantly increased (p Ͻ 0.001, n ϭ 3) and ARSB overexpression significantly reduced (p Ͻ 0.001, n ϭ 3) the phospho-JNK concentration. B, ARSB siRNA significantly increased the phospho-JNK in the prostate epithelial and stem cells (p Ͻ 0.001, n ϭ 3). The SHP2 inhibitor PHPS1 further increased the phospho-JNK levels (p Ͻ 0.001). JIP-1 significantly reduced phospho-JNK (p Ͻ 0.001) in the cells. C, phospho-JNK was significantly increased by the DN SHP2 construct (p Ͻ 0.001, n ϭ 3) and significantly inhibited by the CA SHP2 in the prostate stem cells (p Ͻ 0.001, n ϭ 3). D, in malignant prostate tissue, the phospho-JNK was significantly higher than in the normal prostate tissue (p Ͻ 0.001, unpaired t test, two-tailed, n ϭ 6). Bars, mean value Ϯ S.D. (error bars). ***, p Յ 0.001.
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nuclear binding, inhibited the ARSB knockdown-induced increase in promoter activation ( Fig. 4D ). By a chromatin immunoprecipitation (ChIP) assay, the DNA bound to the EGFR promoter was significantly increased following ARSB silencing or by PHPS1 treatment (Fig. 4E ). The accompanying blot demonstrates the increased density of binding to the EGFR promoter DNA following ARSB silencing or PHPS1 treatment ( Fig. 4F ).
EGFR binding with C4S in prostate stem cells
Binding of exogenous EGF to the prostate stem cells increased when ARSB was silenced (p Ͻ 0.001, n ϭ 3) and declined when ARSB was overexpressed (p Ͻ 0.001, n ϭ 3) ( Fig.  5A ). In response to exogenous EGF, the 5-bromo-2Ј-deoxyuridine (BrdU) incorporation in the prostate stem cells increased when ARSB was silenced ( Fig. 5B ). These findings suggest that the transcriptional effects of ARSB on EGFR may lead to enhanced cell proliferation in response to EGF due to increased availability of EGFR.
Overall pathway from ARSB to increase in EGFR expression
The overall signaling pathway from decline in ARSB and the associated increase in C4S is depicted (Fig. 6 ). The decline in SHP2 activity is due to enhanced binding with C4S, leading to the sustained phosphorylation of JNK and the activation of c-Jun/c-Fos. The increased binding of the AP-1 components to the EGFR promoter stimulates EGFR mRNA expression. Exposure to exogenous EGF leads to increased BrdU incorporation, consistent with enhanced cell proliferation.
Discussion
Regulation of EGFR expression is critically important in the control of cell proliferation and differentiation. The experiments in this report show that decline in the enzyme ARSB and the associated increase in chondroitin 4-sulfate lead to inhibition of SHP2 activity, with resultant increased activation of JNK. JNK phosphorylation leads to increased nuclear DNA binding of c-Jun and c-Fos. These components of AP-1 bind to the EGFR promoter, leading to increased expression of EGFR in the prostate cells. The increased protein may reflect reduced protein turnover as well as increased expression in the prostate cells. These findings demonstrate how sulfatase regulation of phosphatase activity can have a profound impact on signaling cascades in human cells and can regulate vital transcriptional events. Because ARSB activity is modifiable by variation in ambient conditions, including oxygen and chloride (20, 29), . C, the SHP2 inhibitor PHPS1 further increased the nuclear AP-1 binding compared with the ARSB silencing-induced increase (p Ͻ 0.001, n ϭ 3). cJMP and JIP-1 significantly reduced the binding from the baseline levels in the prostate stromal and epithelial cells (p Ͻ 0.01, n ϭ 3). D, both ARSB silencing and SHP2 inhibition markedly increased the EGFR promoter activation in prostate stem cells (p Ͻ 0.001, n ϭ 5). SR11302, the AP-1 inhibitor, reduced the effect of ARSB silencing to baseline level (p Ͻ 0.001, n ϭ 5). E, a ChIP assay showed the effects of ARSB silencing and the PHPS1 inhibitor on the DNA binding to the EGFR promoter (p Ͻ 0.001, n ϭ 5). F, agarose gel showed the increased intensity of the EGFR promoter band following ARSB silencing or treatment with PHPS1. PHPS1 had greater effect than ARSB silencing. Bars, mean value Ϯ S.D. (error bars). *** or ###, p Յ 0.001; ** or ##, p Յ 0.01; #, p Յ 0.05.
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changes in ARSB activity provide an opportunity for subtle, specific effects on chondroitin sulfation and chondroitin 4-sulfate binding with critical molecules, such as SHP2. Inhibition of phosphatase activity can lead to sustained effects on downstream phosphorylations, including phospho-ERK (19, 22) , phospho-p38 (21) , and phospho-JNK.
The role of SHP2 inhibition in malignancy is controversial, with some reports indicating that SHP2 is a proto-oncogene and its inhibition is beneficial (30 -36) . Other reports indicate enhanced malignant potential when SHP2 is inhibited, leading to sustained tyrosine phosphorylations (19, 21, (37) (38) (39) (40) . In this report, ARSB silencing and inhibition of SHP2 lead to increased phospho-JNK, activation of the JNK targets c-Jun and c-Fos, activation of the EGFR promoter, and increased EGFR expression. This pathway may explain the previously observed increase in EGFR in malignant prostate tissue and prostate cells. When ARSB activity is reduced and C4S is thereby increased, the C4S chains attached to proteoglycans may sterically hinder the binding of EGF-like motifs of proteoglycans, such as those of versican, with EGFR on cell surfaces. The binding of exogenous EGF with EGFR may increase. In response to exogenous EGF following ARSB silencing, BrdU incorporation increased, demonstrating functional EGFR.
These results present a vital role for EGFR in the response of prostate cells following decline in ARSB. The current studies have demonstrated a pathway by which the decline in ARSB can lead to an increase in EGFR and may subsequently impact cell proliferation.
The acellular C4S-SHP2 binding experiments show preferential binding of C4S with SHP2, rather than C6S. When the SHP2 inhibitor PHPS1 was developed, the SHP2/PHPS1-binding model demonstrated that the phenyl sulfonate group of PHPS1 acted as a phosphotyrosine mimetic (41). The sulfonate group penetrated into the substrate-binding pocket of SHP2.
The current experiments suggest that the sulfate group of GalNAc 4-sulfate of C4S may also act as a phosphotyrosine mimetic and penetrate into the substrate binding pocket of SHP2. The amino acids at the periphery of the cleft where the PHPS1 sulfate binds are Lys-280, Asn-281, Arg-362, and His-426. These residues, which are distinct in SHP2, may stabilize the anionic sulfate of C4S and maintain SHP2 in an inactive conformation. The 4-sulfate group of C4S may represent a unique configuration, as it has previously been shown to be critically important in binding of malarial parasites in the vasculature (42) .
In addition to versican, several other proteoglycans have been identified on the cell surface or in the stroma of normal or malignant prostate. These include the small leucine-rich proteoglycans, decorin, biglycan, lumican, and fibromodulin. Decorin and biglycan may have dermatan sulfate attachments that are modified by ARSB, and the accumulation of dermatan sulfate may also affect signaling pathways in prostate and in other tissues. In contrast, the keratan sulfate attachments of lumican and fibromodulin would be unaffected by changes in ARSB. Of these, decreases of decorin and lumican have been shown in prostate tumors (43) . Other lecticans, including aggrecan and brevican, and proteoglycans with heparan sulfate attachments, including syndecan-1, perlecan, betaglycan, and glypican-1 have also been identified in prostate tissues (44 -48) . Differential expression of versican isoforms has been identified in malignant brain tumors, with the V2 isoform, which has the ␣-GAG attachment site, predominant in normal brain and in glioma extracellular matrix (49) . In melanoma cells, V3 overproduction was shown to reduce the tumorigenicity (50) , and V3 overexpression reduced interaction with CD44 and impacted ERK1/2 and p38 mitogen-activated protein kinase signaling pathways (51) . Further characterization of the impact of specific versican domains and of versican degradation prod- 
ucts in prostate cancers may help to explain how the chondroitin sulfate attachments on versican affect cell signaling and proliferation. Versican proteolysis by ADAMTS proteases or matrix metalloproteases is anticipated to influence how the versican-associated chondroitin sulfate chains can interact with the versican EGF-like motifs, as well as how other specific versican regions impact cell signaling and proliferation (52, 53) .
Prior reports have noted that androgens down-regulate EGFR in normal prostate, but not in prostate cancer, and loss of EGFR regulation may contribute to the transition from androgen dependence to androgen independence (3, 12) . The activation of the HER-kinase axis appears to enable progression of prostate cancer to androgen-independence, suggesting a convergence of the lost effect of androgen on EGFR expression and the activation of the HER-kinase axis with androgen independence (13) . Further consideration of the roles of ARSB, C4S, and SHP2 in the expression of EGFR and in the sustained activation of phosphorylation targets may help to clarify the underlying mechanisms that cause the transition from hormone dependence to hormone independence.
Experimental procedures
Cell culture of prostate cells
Human prostate epithelial cells (ATCC, CRL-2850 TM ) and human prostate stem (CRL-2887) cell lines were obtained from the American Type Culture Collection (ATCC, Manassas, VA). The cells were grown in keratinocyte serum-free medium with 0.05 mg/ml bovine pituitary extract and 5 ng/ml EGF and maintained at 37°C in a humidified, 5% CO 2 environment with new medium every third day, as described previously (17, 22) . Confluent cells in T-25 flasks were harvested by EDTA-trypsin and subcultured in multiwell tissue culture plates under similar conditions to perform the experiments that are presented in this report.
Human prostate tissue
Frozen tissue samples from radical prostatectomies performed for prostate cancer (n ϭ 9) were obtained from the University of Illinois at Chicago Tissue Bank under a protocol approved by the institutional review board of the University of Illinois at Chicago and the Cancer Center of the University of Illinois. Frozen sections were performed, and benign and malignant foci, consisting of epithelium and stroma, were identified, isolated, dissected, and frozen for subsequent analysis, as described previously (15) .
Measurement of ARSB (GalNAc-4-sulfatase) activity and chondroitin sulfates
ARSB activity in the control and treated cells was determined using 4-methylumbelliferyl sulfate (Sigma) as substrate (15) . Total sulfated glycosaminoglycans, including heparin, heparan sulfate, dermatan sulfate, chondroitin 4-sulfate, chondroitin 6-sulfate, and keratan sulfate, were measured by the sulfated GAG assay (Blyscan TM , Biocolor Ltd., Newtownabbey, Northern Ireland) (15) . The Blyscan assay uses 1,9-dimethylmethylene blue to detect sulfated polysaccharides and does not detect disaccharides or hyaluronan. Detection of DNA is minimal at the assay pH of 1.7. Chondroitin 4-sulfate was immunoprecipitated from the cell lysates by specific chondroitin 4-sulfate antibody (Ly111, Amsbio, Cambridge, MA), a purified mouse mAb/IgM, -chain, and then measured by the Blyscan assay kit (54, 55) . Chondroitin 6-sulfate was immunoprecipitated from the cell lysates by specific mouse monoclonal IgM chondroitin 6-sulfate antibody (clone MC21C, LS-C79286, LSBio, Seattle, WA) and quantified by the Blyscan assay, as stated above.
To test the recovery and specificity of CS chains detected by the CS antibodies, a standard OD curve using known quantities of C4S (Blyscan) was prepared. Magnetic beads were coated with 2 g of either LY111 or MC21C antibody, and the recovery of C4S and C6S from bovine trachea or shark cartilage chondroitin sulfate samples was determined by the Blyscan assay, based on the known percentage of C4S or C6S determined by the disaccharide analysis (see below). The recovery of C4S by the Ly111 antibody was 96.5 Ϯ 3.2% (corresponding to 1.64 Ϯ 0.05 g and 86% C4S, n ϭ 3). The recovery of the C6S by the MC21C antibody was 95.3 Ϯ 3.0% (corresponding to 1.39 Ϯ 0.04 g and 73% C6S, n ϭ 3).
Arylsulfatase B and galectin-3 silencing by siRNA
Specific siRNAs for ARSB (NM_000046) and galectin-3 (Hs_LGALS3_9) and control siRNAs were procured (Qiagen, Valencia, CA), and ARSB and galectin-3 were silenced (17) . Effectiveness of silencing was confirmed by an ARSB activity assay or by galectin-3 ELISA (R&D Systems, Bio-Techne, Minneapolis, MN).
Arylsulfatase B and SHP-2 transfections
ARSB plasmid in pCMV6-XL4 vector was obtained (Origene) and overexpressed in prostate stem/epithelial cells by transient transfection using 2 g of the plasmid and Lipofectamine TM 2000 (22, 55) . Controls included untransfected cells and cells transfected with ARSB vector control. Media were changed after 6 h, and cells were incubated in a humidified, 37°C, 5% CO 2 environment and then harvested 24 h after transfection. Effectiveness was determined by measuring ARSB activity. SHP-2 dominant negative, constitutively active, WT and empty vector plasmids were obtained (from Dr. Stuart Frank, University of Alabama at Birmingham) (56) and transfected in the prostate stem cells by Lipofectamine TM 2000. The efficiency of transfection was determined by measuring SHP2 activity (21) .
Disaccharide analysis of chondroitin sulfates
Each CS sample was resuspended to 10 g/l; 100 ng was used for GAG analysis. The total GAG amounts reported in this report refer to the total GAG per sample vial we received.
Unsaturated disaccharide standards of CS
⌬UA-GalNAc; ⌬UA-GalNAc4S; ⌬UA-GalNAc6S; ⌬UA2S-GalNAc; ⌬UA2S-Gal-NAc4S; ⌬UA2S-GalNAc6S; ⌬UA-GalNAc4S6S; ⌬UA2S-GalNAc4S6S), unsaturated disaccharide standards of HS ⌬UA-GlcNAc; ⌬UA-GlcNS; ⌬UA-GlcNAc6S; ⌬UA2S-GlcNAc; ⌬UA2S-GlcNS; ⌬UA-GlcNS6S; ⌬UA2S-GlcNAc6S; ⌬UA2S-GlcNS6S), and unsaturated disaccharide Increased EGFR follows declines in ARSB and SHP2 activity standard of HA (⌬UA-GlcNAc), where ⌬UA is 4-deoxy-␣-Lthreo-hex-4-enopyranosyluronic acid, were purchased from Iduron (Macclesfield, UK). Actinase E was obtained from Kaken Biochemicals (Tokyo, Japan). Chondroitin lyase ABC from Proteus vulgaris was expressed in in our laboratory. Recombinant flavobacterial heparin lyases I, II, and III were expressed in our laboratory using Escherichia coli strains provided by Jian Liu (College of Pharmacy, University of North Carolina). 2-Aminoacridone (AMAC) and sodium cyanoborohydride were obtained from Sigma-Aldrich. All other chemicals were of HPLC grade. Vivapure Q Mini H strong anion exchange spin columns were from Sartoriou Stedim Biotech (Bohemia, NY).
The digestion was performed in a 3,000 molecular weight cutoff spin column, and 300 l of digestion buffer (50 mM ammonium acetate containing 2 mM calcium chloride adjusted to pH 7.0) was added to the filter unit. Recombinant heparin lyase I, II, and III (pH optima 7.0 -7.5) and recombinant chondroitin lyase ABC (10 millunits each, pH optimum 7.4) were added to each sample and mixed well. The samples were all placed in a water bath at 37°C for 12 h, after which enzymatic digestion was terminated by removing the enzymes by centrifugation. The filter unit was washed twice with 250 l of distilled water, and the filtrates containing the disaccharide products were dried via vacuum centrifuge.
Half of the dried samples were AMAC-labeled by adding 10 l of 0.1 M AMAC in DMSO/acetic acid (17:3, v/v), incubating at room temperature for 10 min, followed by adding 10 l of 1 M aqueous sodium cyanoborohydride and incubating for 1 h at 45°C. A mixture containing all 17 disaccharide standards prepared at 0.5 ng/l was similarly AMAC-labeled and used for each run as an external standard. After the AMAC-labeling reaction, the samples were centrifuged, and each supernatant was recovered.
LC was performed on an Agilent 1200 LC system at 45°C using an Agilent Poroshell 120 ECC18 (2.7 m, 3.0 ϫ 50 mm) column. Mobile phase A (MPA) was 50 mM ammonium acetate aqueous solution, and the mobile phase B was methanol. The mobile phase passed through the column at a flow rate of 300 l/min. The gradient was 0 -10 min, 5-45% B; 10 -10.2 min, 45-100% B; 10.2-14 min, 100% B; 14 -22 min, 100 -5% B. Injection volume was 5 l.
A triple-quadrupole MS system equipped with an electrospray ionization source (Thermo Fisher Scientific, San Jose, CA) was used a detector. The online MS analysis was in the multiple-reaction monitoring mode. MS parameters were as follows: negative ionization mode with a spray voltage of 3000 V, a vaporizer temperature of 300°C, and a capillary temperature of 270°C.
Biotinylation of chondroitin sulfates
Two different chondroitin sulfates, chondroitin sulfate C from shark cartilage (predominantly C6S; Seikagaku, Tokyo, Japan) and chondroitin sulfate A from bovine trachea (predominantly C4S; Sigma) were procured. Disaccharide analysis of chondroitin sulfate C from shark (see above) cartilage revealed 73% 6S, 19 Ϯ 1% 4S, 8% 2S6S, and 1% 0S. Disaccharide analysis of chondroitin sulfate A from bovine trachea showed 86 Ϯ 1% C4S, 12 Ϯ 1% C6S, and 2% C0S. These chondroitin sulfates were biotinylated using established methods (57). 1.14 mg of chondroitin sulfate, 1.88 mg of EZ Link-Hydrazide-PEG 4 -Biotin (Thermo Scientific, Waltham, MA), and 1.2 mg of sodium cyanoborohydride (NaBH3CN; Sigma) were dissolved in 170 l of H 2 O. 30 l of acetic acid (AcOH) was added to the mixture, which was incubated at 70°C for 2 days with mixing. Additional portions of NaBH3CN (1.2 mg) and 1.88 mg of EZ Link-Hydrazide-PEG 4 -biotin were added after 24 h. At 48 h, the mixture was desalted by passing through a spin column (1000 molecule weight cut-off). The yield of biotinylated chondroitin sulfate was determined by the Blyscan TM assay and was 93.8% for predominantly C4S and 95.4% for predominantly C6S.
Assay for binding of chondroitin sulfate with SHP2 (PTPN11)
Microtiter plates were coated with GSH-S-transferase (GST) (PTPN11) antibody (ab18183; Abcam, Cambridge, MA) by incubating 100 l (2 g/ml in PBS) of antibody solution in each well at RT overnight. After coating, wells were washed three times with PBS, pH 7.4, with 0.05% Tween 20. Then preparations were blocked for 1 h at RT with blocking buffer (PBS, pH 7.4, with 1% BSA). After blocking, 100 l of (0.5 g/ml) PTPN11-GST (Creative Biomart, Shirley, NY) in PBS was added to each well. Plates were incubated at RT for 2 h and then washed three times with wash buffer. The binding curve for C4S with GST-tagged SHP2 was determined using 50 l at concentrations ranging from 0.019 to 1.25 g/ml. Binding was saturated at a concentration of 625 ng/ml. The three biotinylated chondroitin sulfates were added at a concentration of 625 ng/ml to the wells of the microtiter plate. The plates were incubated at RT for 2 h and then washed, and 100 l of 1:200 Streptavidin-HRP was added to each well. Plates were incubated at RT for 20 min and washed. Next, 100 l of color reagent (1:1 substrate A and B) was added, and plates were incubated at RT for 15 min. The reaction was stopped with 50 l of Stop Solution-2 N H 2 SO 4 and read at 450 nm in a plate reader. The amount of biotinylated chondroitin sulfate that bound to the PTPN11-GST was determined by the OD measurements. For the displacement assay, 50 l of 1.25 g/ml of biotinylated C4S and 50 l of 1.25-6.25 g/ml of unlabeled C4S or C4S-C6S combination were added to each well, and the OD (binding) was detected for each concentration of the unlabeled chondroitin sulfate (58) .
SHP-2 activity assay
SHP-2 activity in control and treated prostate stem cells and epithelial cells or in the control and malignant prostate tissue was measured by a commercial SHP-2 Duo Set IC activity assay (R&D Systems, Bio-Techne). In this assay, SHP2 molecules were immunoprecipitated by an anti-SHP-2 antibody conjugated to agarose beads. After washing away unbound material, a synthetic phosphopeptide substrate was added to the immunoprecipitates. Substrate was dephosphorylated by active SHP-2 in the sample to generate free phosphate and unphosphorylated peptide. The amount of free phosphate in the supernatant was detected by a sensitive dye-binding assay using malachite green and molybdic acid. The activity of SHP-2 was Increased EGFR follows declines in ARSB and SHP2 activity determined from the phosphate standard curve. Cell preparations were treated with phenylhydrazonopyrazolone sulfonate (PHPS1), an SHP2 inhibitor (30 M for 24 h; Sigma) to inhibit SHP2 activity (21, 51) .
Phospho-JNK ELISA
Cell extracts were prepared from both treated and control prostate stem and epithelial cells in cell lysis buffer. Malignant or control prostate tissue was homogenized for the measurement of phospho-JNK. Phospho-JNK was measured in cell and tissue samples using a DuoSet sandwich ELISA kit (R&D Systems, Bio-Techne). Samples and standards were added to the wells of the microtiter plate precoated with a capture antibody to human JNK. Phospho-JNK in the lysates was captured by the coated antibody on the plate and detected with biotinylated antibody to phospho-JNK. Streptavidin-HRP and hydrogen peroxide/tetramethylbenzidine substrate were used to develop color proportional to the bound HRP activity. The reaction was stopped, and the optical density of the color was read at 450 nm in a plate reader (FLUOstar, BMG, Cary, NC). Phospho-JNK concentrations in the samples were extrapolated from a curve derived using known standards.
Oligonucleotide-based ELISA to detect nuclear c-Jun and c-Fos
Binding of c-Jun and c-Fos to the AP-1 binding site in the nuclear DNA was measured by an oligonucleotide-binding assay (TransAM kit, Active Motif, Carlsbad, CA). Nucleusbound c-Jun and c-Fos in the prostate stem and epithelial cells following ARSB silencing or ARSB overexpression and in normal and malignant prostate tissue were determined as per the instructions. Nuclear extracts were prepared using a nuclear extract preparation kit (Active Motif) and were added to the wells of a 96-well microtiter plate, precoated with the AP-1 consensus oligonucleotide sequence 5Ј-TGAGTCA-3Ј. Sample values were normalized by total cell protein and expressed as a percentage of untreated control. Nuclear c-Jun and c-Fos in normal and malignant prostate tissue were also determined by the same assay.
Inhibition of JNK, c-Jun phosphorylation, and c-Fos binding to DNA
To further investigate the role of JNK and the transcription factors c-Jun and c-Fos on EGFR promoter activation, prostate cells were exposed to specific inhibitors. These included the cell-permeable cJMP (ILKQSMTLNLADPVGSLKPHLRAKN; 400 M for a 2-h preincubation for total of 26 h; R&D Systems, Bio-Techne), which prevents JNK/c-Jun interaction and the phosphorylation of c-Jun (59); a JNK-selective inhibitor peptide based on residues 153-163 of JIP-1 (RPKRPTTLNLF-NH 2 ; 10 M for a 2-h preincubation for total of 26 h; Tocris, Bio-Techne) (60); and SR11302 (5 M for a 2-h pretreatment for a total of 26 h; Santa Cruz Biotechnology, Inc.), a synthetic retinoid that inhibits AP-1 transcription factor activity by blocking binding of c-Fos to the AP-1 consensus sequence (61). Prostate cells were treated with cJMP, JIP-1, c-Fos-DNA binding inhibitor (SR11302), SHP2 inhibitor (PHPS1), or SHP-2 DN or CA DNA constructs, and effects on EGFR expression, promoter activation, and nucleusbound c-Jun and c-Fos were determined.
ELISA and Western blotting for EGFR
EGFR protein was quantified following ARSB silencing and overexpression, galectin-3 silencing, and transfection of SHP-2 dominant negative and constitutively active plasmid DNA in prostate stem cells. EGFR protein was also measured in the prostate stem and/or epithelial cells after treatment with the SHP2 inhibitor PHPS1 (51), the AP-1 DNA binding inhibitor SR11302 (61), cJMP (59) , and Sp1 DNA binding inhibitor (mithramycin A; 250 nM for 24 h) (62) . Total EGFR protein was determined using commercial ELISA DuoSet (R&D Systems, Bio-Techne), as described previously (15) . EGFR Western blotting was performed using EGFR antibody (AF231, R&D Systems, Bio-Techne) with glyceraldehyde-3-phosphate dehydrogenase control antibody (SCBT, Santa Cruz Biotechnology) for equal loading on a 10% SDS gel, using established methods. Immunoreactive bands were visualized using enhanced chemiluminescence (GE Healthcare).
Detection of EGFR promoter activity by luciferase reporter assay
EGFR promoter activity following ARSB silencing and treatment with the SHP2 inhibitor (PHPS1) and the AP-1 DNA binding inhibitor (SR11302) was determined by a human EGFR promoter construct in a Renilla reniformis luciferase reporter gene (Ren SP). The changes in luminescence due to modifications in binding to the EGFR promoter were detected by the LightSwitch assay system (SwitchGear Genomics, Menlo Park, CA). The ␤-actin promoter (GoClone) construct was a positive control, and a scrambled sequence (R01) with the Renilla luciferase reporter was a negative control, and they were used to determine the effectiveness of transcription and specificity of the reactions. Transfections were performed with cells at 70% confluence, following silencing for 24 h, using FuGENE HD transfection reagent with proprietary LightSwitch assay reagent (SwitchGear). After incubation for 24 h, luminescence was read at 480 nm in a microplate reader (BMG).
AP-1 binding to EGFR promoter assessed by a ChIP assay
For the ChIP assay, ARSB-silenced and control-silenced prostate stem cells were treated with SHP2 inhibitor PHPS1 (30 M for 24 h) and then fixed with 1% formaldehyde for 10 min at room temperature. This was followed by shearing of chromatin by sonication (ChIP assay, Active Motif, Carlsbad, CA). Sheared DNA was incubated with specific antibody for 1 h as well as with IgG control. Protein-DNA complexes were precipitated by protein A/G-coupled magnetic beads. DNA was purified from the immunoprecipitated complexes by reversal of cross-linking, followed by proteinase K treatment. Then realtime RT-PCR was performed using the following primers for the EGFR promoter (left, 5Ј-ACGACAGGCCACCTCGTC-3Ј; right, 5Ј-TTTCCTCCAGAGCCCGACT-3Ј). They encompassed the consensus sequence CCCCTGACTCCG, which is the binding site for the AP-1 transcription factor. Band intensity was compared among the ARSB-silenced, inhibitor Increased EGFR follows declines in ARSB and SHP2 activity (PHPS1)-treated, control-silenced, and IgG control samples on a 1.5% agarose gel.
Binding of exogenous EGF with EGFR
ARSB was silenced or overexpressed in cultured prostate stem cells. After ARSB silencing or overexpression for 24 h, the stem cells were deprived of exogenous EGF for 12 h. Cells were thoroughly washed and challenged with fresh media containing EGF-Biotin (Thermo Fisher) and incubated for 1 h. Cells were washed with wash buffer three times, and then Streptavidin-HRP conjugate was added for 20 min at room temperature. Cells were washed again three times with wash buffer, and the bound EGF was quantified by adding the chromogenic substrate hydrogen peroxide and tetramethylbenzidine. Finally, color development due to HRP activity was stopped by 2 N sulfuric acid. Intensity of color was measured at 450 nm in a plate reader (BMG).
BrdU ELISA to measure cell proliferation
Cell proliferation was quantified by measurement of BrdU incorporation during DNA synthesis in the prostate stem cells. BrdU incorporation was measured by a commercial BrdU cell proliferation assay kit (Cell Signaling Technology, Inc., Danvers, MA) (17) . Before EGF challenge, prostate stem cells were deprived of any EGF in the media for 12 h and then challenged with exogenous EGF (10 ng/ml for 24 h).
Statistics
Statistical significance was determined by one-way analysis of variance followed by post hoc Tukey's test for multiple determinations using InStat3 software (GraphPad, La Jolla, CA), unless stated otherwise. Unpaired t tests, two-tailed, were used for other comparisons. In the figures with bar graphs, values are expressed as the mean Ϯ S.D. p values Յ 0.05 are considered statistically significant: *** or ###, p Յ 0.001; ** or ##, p Յ 0.01; # or *, p Յ 0.05.
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